Abstract. The complex physical and mathematical model describing all steps of plasma-vapor bubble evolution in the system of the water-ground condensed media is presented. Discharge circuit operation, discharge plasma channel expansion, its transformation into the vapor-plasma bubble and its pulsation, pressure wave generation and propagation of the mechanical stress waves in the ground are self-consistently considered in the model. The model allows investigation of the basic laws of stored energy transformation into the discharge plasma channel, next to the plasma-vapor bubble and transformation of this energy to the energy of pressure wave compressing the surrounding ground. Power characteristics of wave disturbances generated by gas-vapor bubble oscillation in liquid depending on the circuit parameters are analyzed for the prediction of the ground boundary displacement. The dynamics of the shock-wave propagation in water-ground condensed media depending on the rate of the plasma channel energy release is investigated. Simulation of the shock-wave phenomena at a plasma-vapor bubble oscillation in condensed media consecutively describes the physical processes underlying technology for producing piles by electro-discharge stuffing. The quantitative model verified by physical experimental tests will allow optimization of pulse generator parameters and electrode system construction of high-voltage equipment.
Introduction
Shock-wave disturbances generated by the plasma-vapor bubble expansion and oscillation in different condensed media at electro-blast are widely used in engineering and technology due to ability to manage their properties over a wide range by varying both the parameters of RLC-circuit and the geometrics of electro-discharge gap [1] [2] [3] . Short time period (in the range of 10-100 µs) and the high rate of electrical energy release into the discharge channel in liquid cause the high plasma pressure in it (up to 3·10 9 Pa) and the formation of intensive compression waves in the surrounding liquid. The resulting power in the discharge channel leads to the mechanical work both above the liquid, and in the movement and deformation of the surrounding medium (ground) [7] [8] . The correlation of contributions of shock waves at the discharge channel expansion and at the plasma-vapor bubble the expansion and oscillation are not defined at present. The lack of experimental information about the general laws determining the amplitude and profile of the pressure wave generated by plasma channel expansion does not allow estimation of the generated pressure in the condensed media on the basis of measured electrical characteristics of the explosion (current and voltage). Some attempts have been made by the authors of monographs [2, 3, 9] , but formulations of their practical tasks did not assume the recording of the shock wave profile.
The experimental studies of the fast processes in the water-ground media are difficult and complicated technically. Investigation of the mechanisms of formation, evolution and dissipation of mechanical perturbation pulses in this case is only possible with the use of mathematical modeling. A comprehensive physical and mathematical model describing the plasma-vapor bubble expansion, generation of the shock-wave disturbances, the dynamics of elastoplastic waves, the formation of fields of mechanical stresses and deformations in solid medium is necessary for studying the basic laws of electrical energy conversion into the mechanical work of plasma-vapor bubble expansion and oscillation.
The Physical and Mathematical Model of Electro-Blast Action on the System of WaterGround Condensed Media
The development of shock-wave disturbances in liquid at electro-blast can be divided into three stages. The first -the plasma channel expansion due to high pressure in it leading to the shock waves generation with a sound and supersonic speeds, pulse movements of liquid volumes with the speeds reaching the hundreds of meters per second [6] . The large resistance to the expansion from the liquid surrounding the channel leads to the sharp pressure rise in the channel, whereby the phenomenon takes on the character of the explosion. The second -the discharge channel degeneration into the plasmavapor bubble filled with the liquid degradation products, vapors under the different thermodynamic conditions and plasma. The diameter of the spherical (or near-shaped) cavity depends on the released energy and the external hydrostatic pressure in the liquid. The third -the subsequent pulsation of a plasma-vapor bubble with generation of the secondary pressure waves. The plasma-vapor bubble expansion extends to the maximum radius at which all the kinetic energy is transferred to the water. The increased potential energy of the water again transferred to the bubble, causing its compression to a minimum sizes. This cycle is repeated until the bubble energy decreases due to the emission of acoustic shock waves, as well as due to condensation and viscous losses in the medium. Thus, due to the bubble formation and oscillation in liquid there is the hydrodynamic pulse pressure on the wellbore walls, as estimated in [7] , it is greater than 50 MPa at a distance of 10 cm from the source of pulsations and decreases to zero at a distance of 0.6-0.8 m.
The current pulse generator operation at its discharge on the gap located in a hole filled with water is analyzed. Formation of plasma channel occurs, its expansion generates a pressure wave in the liquid at electro-blast. The propagating wave is refracted into the ground, is reflected in the liquid, returns to the channel and interacts with it. Due to the energy release in the discharge gap the discharge channel degenerates into a plasma-vapor bubble which under the influence of the changing pressure begins to pulsate. The plasma-vapor bubble oscillation leads to the generation of secondary pressure waves propagating in the liquid and soil. As a result, in the ground-water media a complex, fast-changing wave pattern is formed, which results in the displacement and deformation of the borehole wall ( figure 1) .
The model is a consistent solution of the transient process equations for the pulse generator's circuit (figure 1), the energy balance equation for the discharge channel, the hydrodynamic equations for description of wave disturbances and state equations for plasma channel and surrounding medium [10] .
Electrodynamic oscillating processes in the discharge circuit were characterized by the voltage balance equation: ,
where L is the circuit inductance, µH; R ch is channel resistance,Ω; i(t) is the circuit current, A; U 0 is the charge voltage of capacitor bank, V; r -the active resistance of the generator, Ω. Electrical plasma channel energy conversion into the plasma energy and mechanical work, performed by expanding channel and pulsating plasma-vapor bubble: , where γ is the effective ratio of specific heats; P ch is the channel pressure, Pa; -channel volume, m 3 ; r ch and l ch are the channel radius and length accordingly, m.
The time dependences of the current and voltage have been calculated according to Kirchhoff's laws along with the empirical equations for plasma channel resistance. The plasma channel resistance R ch (t) is determined through the integral of current action in the form of Vaicel-Rompe [11] :
where A mid is a spark constant (in case of water A mid =120 Vs 0.5 m -1 [12] ).
Wave propagation is described in the hydrodynamic approximation. The description of the channel expansion and plasma-vapor bubble oscillation in a liquid is based on a system of equations including the differential equations of laws of mass conservation, momentum, and energy in the adiabatic approximation, the equations of media and plasma state, the correlation of the stress tensor, spherical tensor and deformation deviator, equations of wave dynamics [13] . Kirchhoff's equations and power balance equation of the discharge channel were jointly solved with the state equations of water and soil, the equations of continuity, internal energy, rations for the components of the stress deviator. The system of equations describing the evolution and dissipation of shock-wave disturbances was solved self-consistently and approximated by the difference scheme according to Wilkins method [14] . On the basis of the submitted equations the numerical algorithm and software were developed that allows to carry out the electro-blast computer experiments in the water-ground condensed media.
Simulation Results of Shock-Wave Dynamics at Plasma-Vapor Bubble Oscillation
The results of computer investigations of electro-blast in the water-ground media by means of the presented model under different conditions of energy release into the plasma channel are presented below. Figure 2 shows the main electrical parameters and the plasma-vapor bubble dynamics at the different modes of electrical energy release into the channel: I -U 0 =10 kV, С=1200 µF, r z =114 mΩ, L=11.12 µH; II -U 0 =20 kV, С=168 µF, r z =20 mΩ, L=1.06 µH; the discharge gap length l ch =50 mm. To simulate the well depth of about 7 meters the initial channel pressure was assumed to be 50 MPa. Figure 2 shows that during the electro-blast in the water at the expansion stage the velocity of plasma-vapor bubble expansion reaches the values of about 800 m/s and 1100 m/s respectively for I and II modes of energy release into the plasma channel, and the pressure are in the range of 1.5 GPa to 3.4 GPa, which causes a rapid growth of the bubble parameters. During the active phase of the discharge the pressure is sharply reduced up to 50 MPa, the velocity of plasma-vapor bubble expansion reaches extremum during the first third of the current oscillation period, and then reduced to zero.
Figure1
. The scheme of shock-wave action on the system of water-ground materials at electro-blast: 1 -coaxial cable, 2 -electro-discharge system, 3 -area of medium deformation (packed ground), 4 -shock-wave disturbances, generated by plasma-vapor bubble expansion and oscillation. The plasma-vapor bubble radius increases up to 200-300 microseconds, after that the bubble is compressed with the same speed and pressure as in the expansion stage. When the plasma-vapor bubble pressure becomes higher than the pressure in the surrounding liquid, the repeated growth of its radius occurs ( figure 2, c) . Pulsation period and the maximum bubble radius increases with the rise of power of energy release into the plasma channel. The maximum plasma-vapor bubble radius reaches 20 mm at the power of the channel energy release of about 400 kW (II mode). These values are in a good agreement with the experimental results [15] , which confirms the adequacy of the model.
Due to the plasma-vapor formation and oscillation in liquid the pressure of about 57 MPa and 80 MPa effects on the borehole wall respectively for I and II modes of electrical energy release, figure 3 , a. The secondary pressure waves were caused by the processes of wave reflection from the walls of gas-vapor bubble and borehole. The displacement of the borehole wall was in the first case -in order of 1 mm, in the second -1.8 mm. Comparison of the results of numerical modeling with the experimental data [16] (the dependence on the bore-hole radius from the discharge conditions) is showed a high degree of agreement. The energy of shock-wave disturbances is thus less than 4 % from the storage electrical energy at I mode of energy release, and about 16 % in the II mode ( figure 4) .
The plasma-vapor bubble expansion and its subsequent pulsation result to the formation of mechanical compression stresses in the ground. The dynamics of mechanical stresses under the different modes of energy release is shown in figure 5 . 
Conclusion
The obtained results of the gas-vapor bubble dynamics have been testified to the determining role of the influence of the electrical energy release mode into the plasma channel on the generated pressure wave in the water-ground system. It is shown that the presented complex physical and mathematical model of the plasma-vapor bubble dynamics in the condensed media allows to estimate the radius and the expansion rate of gas-vapor bubble, its pressure, the pressure wave profile on the borehole wall, the wave pattern evolution in the ground. The model is applicable in a wide range of parameters and gives a good qualitative and quantitative agreement with the experimental results. 
